Abstract. Cytochrome P450 (P450)-derived arachidonic acid (AA) metabolites serve pivotal physiological roles. Therefore, it is important to determine the dominant P450 AA monooxygenases in different organs. We investigated the P450 AA monooxygenases protein expression as well as regioselectivity, immunoinhibition, and kinetic profile of AA epoxygenation and hydroxylation in rat heart, lung, kidney, and liver. Thereafter, the predominant P450 epoxygenases and P450 hydroxylases in these organs were characterized. Microsomes from heart, lung, kidney, and liver were incubated with AA. The protein expression of CYP2B1/2, CYP2C11, CYP2C23, CYP2J3, CYP4A1/2/3, and CYP4Fs in the heart, lung, kidney, and liver were determined by Western blot analysis. The levels of AA metabolites were determined by liquid chromatography-electrospray ionization mass spectroscopy. This was followed by determination of regioselectivity, immunoinhibition effect, and the kinetic profile of AA metabolism. AA was metabolized to epoxyeicosatrienoic acids and 19-and 20-hydroxyeicosatetraenoic acid in the heart, lung, kidney, and liver but with varying metabolic activities and regioselectivity. Anti-P450 antibodies were found to differentially inhibit AA epoxygenation and hydroxylation in these organs. Our data suggest that the predominant epoxygenases are CYP2C11, CYP2B1, CYP2C23, and CYP2C11/CYP2C23 for the heart, lung, kidney, and liver, respectively. On the other hand, CYP4A1 is the major ω-hydroxylase in the heart and kidney; whereas CYP4A2 and/or CYP4F1/4 are probably the major hydroxlases in the lung and liver. These results provide important insights into the activities of P450 epoxygenases and P450 hydroxylases-mediated AA metabolism in different organs and their associated P450 protein levels.
INTRODUCTION
Arachidonic acid (AA) is an essential polyunsaturated fatty acid that is present as an esterified form in the membrane phospholipids. Upon release from the membrane phospholipids by phospholipase A 2 , AA is then metabolized by cyclooxygenases, lipoxygenases, or cytochrome P450 enzymes (P450) (1) . AA is oxidized to epoxyeicosatrienoic acids (EETs) and 19-(19-HETE) and 20-hydroxyeicosatetraenoic acid (20-HETE) by P450 epoxygenases and P450 hydroxylases, respectively, in the presence of oxygen and nicotinamide adenine dinucleotide phosphate (NADPH) (2) . EETs are quickly hydrolyzed by soluble epoxide hydrolase (sEH) to their corresponding, less biologically active, dihydroxyeicosatrienoic acid (DHET) metabolites (2) .
Many studies have demonstrated the role of P450-dependent AA metabolites in several physiological functions. In the cardiovascular system, EETs exhibit potent vasodilatory, anti-platelet, anti-inflammatory, fibrinolytic, vascular smooth muscle anti-migratory, and angiogenic properties (3) . In lungs however, EETs have been shown to exhibit both vasoconstrictor and vasodilator effects (4) (5) (6) . In the kidney, EETs have a role in the regulation of glomerular filtration through activating the Na + /H + exchanger (7) . In the liver, EETs exhibit vasoconstrictor properties (8) and are involved in vasopressin-induced glycogenolysis (9) .
On the other hand, 20-HETE is reported to be a potent vasoconstrictor (10) and has been shown to play a role in several pathological heart conditions, including cardiac hypertrophy (11) (12) (13) . Renal 20-HETE levels are increased in the spontaneously hypertensive rat model of essential hypertension (14) . Moreover, inhibition of 20-HETE increased urinary excretion of sodium, without altering renal hemodynamics in Ren-2 transgenic rats (15) . In contrast to its vasoconstrictive effects in the peripheral vasculature, 20-HETE has been shown to be a potent vasodilator in human, rabbit, and canine pulmonary arteries and bronchial rings (16) . Interestingly, 19-HETE is considered the endogenous antagonist for 20-HETE. It has been reported that 20-HETE could be competitively antagonized by 19 
(R)-(16) and 19(S)-HETE (17).
A few decades ago, P450 expressions were thought to be limited to the liver. However, many P450 genes have now been shown to be constitutively expressed in different organs (18, 19) . We have shown that nearly all important P450 involved in AA metabolism are expressed in rat liver as well as heart, lung, and kidney (18) . CYP2Bs, CYP2C11, and CYP2J3 (AA P450 epoxygenases) and CYP2E1, CYP4As, and CYP4Fs (AA P450 hydroxylases) were found to have higher expression in the heart (18) , while in the lung, CYP2B1, CYP2J3, CYP2E1, and CYP4Fs genes were found to be the predominant P450 epoxygenases and P450 hydroxylases expressed (18) . As expected, the kidney and the liver did have high gene expression of all of P450 epoxygenases and hydroxylases (18) .
Assessing P450 distribution in organs via gene expression has an innate imperfection, as it assesses only effective gene transcription. In fact, actual P450 expression is a function of both effective transcription and translation. Previously, Thum and Borlak could not detect CYP3A4/5/7 mRNA in human heart. On the contrary, Minamiyama et al. reported significant CYP3A4 protein expression level in human heart (20, 21) . Furthermore, discrepancies between mRNA and protein levels of CYP2J2 and CYP2C8 have been previously reported (22) . They reported that although CYP2J2 mRNA was about 1,000 times higher than CYP2C8, both enzymes had comparable protein levels in human heart tissue (22) .
Since AA oxidation by P450 is dependent on other cofactors such as P450 reductase and cytochrome b5, correlation between P450 enzymes expression and activity is not always guaranteed. Marji et al. (23) described a lack of correlation between CYP4A enzymes expression and their activities due to insufficient P450 reductase in rat kidneys (23) . Naturally, P450 are greatly varied in their catalytic activities (19) . Therefore, a P450 enzyme of high activity, despite its low expression level, may dictate the levels of AA metabolites in a tissue more efficiently than a highly expressed P450 but with low activity.
Because P450-derived AA metabolites are important biologically, it is important to determine dominant P450 AA epoxygenases and hydroxylases in different organs. Therefore, the aims of the current study were to (1) determine different P450 monoxygenases protein expression and (2) define the kinetic profile, regioselectivity, and immunoinhibition characteristics of P450-mediated AA metabolism, in male Sprague Dawley rats heart, lung, kidney, and liver. Subsequently, the distribution of P450 that is significantly involved in AA epoxygenation and hydroxylation in different organs was identified.
MATERIALS AND METHODS

Materials
AA, NADPH, 4-hydroxybenzophenone, and sucrose were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO). AA metabolite standards: 5,6-epoxyeicosatrienoic acid (5,6-EET), 8,9-epoxyeicosatrienoic acid (8,9-EET), 11,12-epoxyeicosatrienoic acid (11,12- 
Animals
All rats were maintained and used in accordance with the animal protocol approved by the University of Alberta Health Sciences Animal Policy and Welfare Committee, Edmonton, AB, Canada. Male Sprague Dawley (SD) rats (Charles River Canada, St. Constant, QC, Canada) with mean weight of 450 g were used. All animals were allowed free access to food and water.
Microsomal Preparation
Animals were sacrificed under isoflurane anaesthesia. The heart, lung, kidney, and liver were excised, immediately frozen in liquid nitrogen and stored at −80°C until microsomal preparation. Microsomal fractions of the heart, lung, kidney, and liver of 5 SD rats pooled together were prepared by differential centrifugation of homogenized tissues as described previously (24) . Briefly, organs were washed in ice-cold potassium chloride (1.15%, w/v). Subsequently, they were cut into pieces and homogenized in icecold 0.25 M sucrose solution sucrose (17%, w/v). After homogenizing, the tissues were separated by differential ultracentrifugation. The final pellet was re-suspended in cold sucrose and stored at −80°C. The microsomal protein concentration was determined by the Lowry method using bovine serum albumin as a standard (25) .
Western Blot Analysis
To determine the protein expression pattern of the main P450 epoxygenases, CYP2Bs, CYP2C11, CYP2C23, and CYP2J3, and the main P450 hydroxylases, CYP4As, and CYP4Fs for each organ, Western blot analysis was performed using a previously described method (26) . Briefly, 5-40 μg of heart, lung, kidney, and liver microsomal preparations were separated by 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), and then electrophoretically transferred to nitrocellulose membrane. Protein blots were then blocked overnight at 4°C in blocking solution containing 0.15 M sodium chloride, 3 mM potassium chloride, 25 mM Tris-base, 5% skim milk, 2% bovine serum albumin, and 0.5% Tween-20. The blots were then incubated with a primary antibody: mouse anti-rat CYP2B1/2, rabbit anti-rat CYP2C11, rabbit anti-rat CYP2C23, rabbit anti-mouse CYP2Js, mouse anti-rat CYP4A1/2/3, rabbit anti-human CYP4F2, or rabbit anti-rat actin. After a 2-h incubation period (24 h for the mouse antirat CYP2B1/2 antibody), blots were incubated with a peroxidase-conjugated goat anti-rabbit or goat anti-mouse IgG secondary antibody for 1 h at room temperature. The bands were visualized using the enhanced chemiluminescence method according to the manufacturer's instructions (GE Healthcare Life Sciences, Piscataway, NJ). The intensity of the protein bands were quantified relative to the signals obtained for actin, using ImageJ software (National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij).
Microsomal Incubations
Preliminary incubations showed that the metabolism of AA was linear with respect to both incubation time and microsomal protein concentration used. The total microsomal protein concentrations used were 1,000 μg/mL for heart and lung and 500 μg/mL for kidney and liver. The total volume of microsomal incubates was 200 μL of incubation buffer (3 mM magnesium chloride hexahydrate dissolved in 100 mM potassium phosphate buffer, pH 7.4). AA was added at a final concentration ranging between 16 and 922 μM for heart and lung and 16-182 μM for kidney and liver. At each AA concentration, the formation of the metabolites was determined in triplicate. Incubations were conducted at 37°C in a shaking water bath (80 rpm). A pre-equilibration period of 5 min was performed. The reaction was initiated by the addition of the cofactor NADPH (final concentration, 2 mM) and terminated after 30 min for heart and lung, or 15 min for kidney and liver, by the addition of 600 μL ice-cold acetonitrile. AA metabolites were extracted twice by 1 mL ethyl acetate and dried using speed vacuum (Savant, Farmingdale, NY), then reconstituted in acetonitrile.
Immunoinhibition of P450-Mediated AA Epoxygenation and Hydroxylation Activity
The inhibitory effect of anti-CYP2B1/2, anti-CYP2C11, anti-CYP2C23, and anti-CYP4A1/2/3 antibodies on P450-mediated AA metabolism was studied in microsomal fraction of each organ; 15-25 μg of microsomal protein was incubated with 9-15 μg of antibody for 30 min on ice. Then AA was added to a concentration of 100 μM and final volume was 50 μL. The incubation time varied between 30 and 60 min according to organ used. GAPDH rat antibody was used as non-P450-specific antibody in control incubations. Initiation and termination of the reaction were performed as described under microsomal incubation experiment.
Analysis of AA Metabolites by LC-ESI-MS
AA metabolites were analyzed using a LC-ESI-MS (Waters Micromass ZQ 4000 spectrometer) method as described previously with minor modifications (27, 28) . The mass spectrometer runs in negative ionization mode with single ion recorder acquisition. The nebulizer gas was acquired from an in house high purity nitrogen source. The temperature of the source was set at 150°C, and the capillary and cone voltage were 3.51 kV and 25 V, respectively. The samples (10 μL) were separated on reverse phase C18 column (Kromasil, 250×3.2 mm) using the mobile phase water/ acetonitrile with 0.005% acetic acid. The mobile phase was delivered using a linear gradient method at a flow rate of 0.2 mL/min as follows: 60% to 80% acetonitrile in 30 min, 80% to 100% acetonitrile in 5 min, and 100% for 5 min. The concentrations of the AA metabolites were calculated by comparing their corresponding analyte/reference response ratio based on peak area to calibration standards.
Data Analysis
To determine the enzyme kinetics of P450-mediated AA metabolism in the heart, lung, kidney, and liver microsomal preparations, the rate of AA metabolite formation versus AA concentration in each organ were fitted to three models of enzyme kinetics: one site saturation Michaelis-Menten sigmoidal model (Eq. 1), one site saturation+linear nonspecific component (Eq. 2), and two site saturation Michaelis-Menten model (Eq. 3). The nonlinear regressions were performed using SigmaPlot software, version 11.0.
Rate of formation
Where V max is the maximal rate of formation, K m is the affinity constant, [AA] is the concentration of AA, h is the shape factor of a value of "1" or other values to fit the data, and NS represents the nonspecific activity. In the two binding sites model, two K m (K m1 and K m2 ) and two V max (V max1 and V max2 ) were used.
In the heart, lung, kidney, and liver microsomes, the intrinsic clearance (Cl int ) for EETs as well as 19-and 20-HETE formation was calculated by determining the V max to K m ratio. The rate of formation of the four EETs was calculated as the sum of the rate of formation of each EET+ the corresponding DHETs, due to the rapid metabolism of some EETs to their corresponding DHETs by sEH enzyme.
The optimal enzyme kinetics model was determined by the Akaike information criterion as a measure of the goodness of fit. The model that demonstrated the best goodness of fit was the one site saturation Michaelis-Menten sigmoidal model (Eq. 1). Applying a constraint of "h01" (simple Michaelis-Menten model) or no constraints (sigmoidal model) was also evaluated by Akaike information criterion.
Statistical Analysis
Data are presented as mean±SE One-way analysis of variance was used to compare kinetic parameters or protein expression between the four organs followed by a Tukey's post hoc test. A result was considered statistically significant where p<0.05.
RESULTS
Protein Expression of P450 Epoxygenases and P450
Hydroxylases in the Heart, Lung, Kidney, and Liver
The P450 protein expression in the microsomal fractions of the heart, lung, kidney, and liver was determined by Western blot analysis. The four organs expressed all P450 enzymes investigated, albeit in different extent. The protein expression profile of the main P450 epoxygenase enzymes (CYP2B1/2, CYP2C11, CYP2C23, and CYP2J3) and P450 ω-hydroxylase (CYP4A1/2/3 and CYP4Fs) was found to be organ specific. Figure 1 depicts this profile for the heart, lung, and kidney compared with the liver. It is apparent that CYP2C11 and CYP2J3 were the main epoxygenases to be expressed in the heart. On the other hand, CYP2B1/2, CYP2C11, and CYP2J3 were expressed in the lung.
For the kidney, CYP2B1/2 was negligibly expressed compared with the liver or the lung. Kidney was the organ with the highest expression of CYP2J3. CYP2C23 has a predominant expression in the kidney compared with CYP2C11. Except for CYP2J3, the liver was found to be the organ with the highest expression of all the tested epoxygenases. Interestingly, the expression level of CYP2J3 was higher in the heart and kidney than in the liver.
Regarding the hydroxylase activity, ω-hydroxylation of AA has been attributed to CYP4A1/2/3 and CYP4Fs (29) . We found that the protein levels of CYP4A1/2/3 as well as CYP4Fs in the lung were ∼25% of their levels in the liver (Fig. 1) . CYP4A1/2/3 were highly expressed in the kidney compared with the other organs (Fig. 1) . CYP4Fs were the highest in the liver followed by the lung and then the kidney (Fig. 1) . Regarding the heart, CYP4A1/2/3 and CYP4Fs expression was significantly lower compared with other organs (Fig. 1) .
Determination of the Kinetic Parameters of P450-Mediated AA Metabolism in the Heart, Lung, Kidney, and Liver
The AA concentration ranges needed for the full kinetic profile were up to 922 μM for heart and lung and up to 182 μM for kidney and liver, as shown in Figs. 2 and 3 . In comparison, the reported endogenous AA concentration was up to 100 μM (30) . Moreover, the kinetic model that provided the best fit was the simple Michaelis-Menten models rather than the more complex models, for all metabolites in all organs. This indicates that the formation of a metabolite was either controlled by a single P450 enzyme, or by more than one P450 enzymes of similar K m and V max values. The enzyme kinetics parameters values, V max , and K m are shown in Table I . Again, the K m values of the EETs formation in the heart in addition to the 14,15-EET formation in the lung are substantially higher than the endogenous AA concentration (30). 19-HETE was identified by its retention time (14.6 min) which was consistent with the authentic standard. Linearity for 19-HETE was in the range between 0.01 and 4 μg/mL and the lower limit of detection was 0.001 μg/mL.
In the heart, P450-mediated metabolism of AA was mainly through epoxygenation (Fig. 2) , whereas, 20-HETE was formed at a significantly lower rate (Fig. 3) . Heart microsomal fraction formed minor amounts of 19-HETE which was below the limit of quantification. Cl int values were 0.18, 0.12, 0.28, and 0.26 μLmin −1 mg −1 protein for 5,6-, 8,9-, 11,12-, and 14,15-EET, respectively, and 0.01 μLmin
protein for 20-HETE (Table I ). The K m values were 268, 310, Fig. 1 . P450 protein expression in heart, lung, kidney, and liver. Microsomal protein was isolated from the heart, lung, kidney, and liver and separated on a 10% SDS-PAGE. CYP2B1/2, CYP2C11, CYP2C23, CYP2J3, CYP4A1/2/ 3, CYP4Fs, and actin proteins were detected by the enhance chemiluminescence method. (Table I) . Fig. 2 . Kinetic profile of arachidonic acid metabolism by P450 epoxygenases in the heart, lung, kidney, and liver microsomal incubates. In a 200-μL total volume, 100 (heart and lung) and 200 μg (kidney and liver) of microsomal protein pooled from five rats were incubated with arachidonic acid for 30 min for heart and lung and 15 min for kidney and liver. The experimental values for arachidonic acid metabolism were expressed as mean± SEM. Each point was measured in triplicate Fig. 3 . Kinetic profile of arachidonic acid metabolism by P450 hydroxylases in the heart, lung, kidney, and liver microsomal incubates. In a 200-μL total volume, 100 (heart and lung) and 200 μg (kidney and liver) of microsomal protein pooled from five rats were incubated with arachidonic acid for 30 min for heart and lung and 15 min for kidney and liver. The experimental values for arachidonic acid metabolism were expressed as mean± SEM. Each point was measured in triplicate Similar to the heart, the epoxygenase activity in the lung was higher than that of the hydroxylase (Figs. 2 and 3 (Table I) . AA hydroxylation in the kidney and liver was substantially higher than those of the heart or the lung (Fig. 3) . For the kidney, 5,6-EET formation was below the limit of quantification in the kidney but not in the other three organs. Cl int values were 7.15, 10.9, and 2.59 μLmin −1 mg −1 protein for 8,9-, 11,12-, and 14,15-EET and 0.6 and 13.9 μLmin −1 mg protein and 108 μM, respectively (Table I) . Interestingly, the K m values for all metabolites were significantly different between the organs except in three cases (Table I) , viz. the K m values of 8,9-EET formation between liver and kidney and the K m values of 20-HETE formation between the heart and kidney and those of the lung and liver.
Determination of the Regioselectivity of AA Hydroxylation and Epoxygenation in the Heart, Lung, Kidney and Liver
The regioselectivity for each organ was determined for different AA concentrations. The concentrations used were ranged between 16 and 81 μM to reflect the endogenous AA level. Figure 4 depicts the relative formation of four EET regioisomers, as well as the 19-and 20-HETE formation rate, represented as a percentage of the total measured AA metabolites formation. In the heart, 20-HETE formation represented 0.7% of total metabolites. There were two main EET regioisomers, 14,15-and 11,12-EETs. Their formation was 34.2% and 37.1% of the total EETs. Then the 8,9-and 5,6-EET Regarding the kidneys, quantification of 5,6-EET was problematic due to its low rate of formation. The main EET formed in the kidney was 11,12-EET followed by 8,9-EET and lastly 14,15-EET, and they represented 49.6%, 33%, and 17.4% of the total EETs formation, respectively. 20-HETE formation represented 35.3% compared with total metabolites formed, while 19-HETE represented 2.73%. Similar pattern was observed for the liver; the EET regioisomers formation was: 10.3%, 25.2%, 46.5%, and 18.1% for 5,6-, 8,9-, 11,12-, and 14,15-EET, respectively. 19-and 20-HETE represented 2.98% and 14.3% of the total measured AA metabolites formation.
Immunoinhibition of P450-Mediated AA Epoxygenation and Hydroxylation Activity
Anti-CYP2C11 antibody efficiently inhibited AA epoxygenation in the heart and liver by 89% and 88.5%, respectively (Table II) . Anti-CYP2B1/2 antibody caused predominant inhibition of AA epoxygenation in the lung by 46% (Table II) . For anti-CYP2C23 antibody, it inhibited AA epoxygenation in the kidney by 72.5% and the liver by 62.6% (Table II) . Anti-CYP4A1/2/3 inhibited AA hydroxylation in the four organs. The percentage of inhibition was 76%, 23.9%, 71.5%, and 35.1% for the heart, lung, kidney, and liver, respectively (Table II) .
DISCUSSION
P450-derived AA metabolites, most notably EETs and 20-HETE, play pivotal physiological roles in various organs (3, 17) . AA is metabolized to 5,6-, 8,9-, 11,12-, and 14,15-EET by P450 epoxygenases (31) . In several tissues of rats, CYP2B, CYP2C, and CYP2J3 isoforms each serve as major P450 epoxygenases (32) . On the other hand, P450 hydroxylation has been generally attributed to CYP4A and CYP 4F isoforms (29, 32) . Other P450s, such as CYP1As, CYP1B1, CYP2As, and CYP2E1, also contribute to AA monoxygenation. CYP1A1 as well as CYP1B1 were reported to possess inconsequential activity towards AA metabolism. They catalyze the formation of HETEs other than the 20-HETE, especially mid-chain HETEs for CYP1B1 (32, 33) . CYP2A isoforms were also observed to have a very low epoxygenase activity (19) . CYP2E1 has a substantial contribution to ω-1-hydroxylation activity in the liver but not in the kidney of rats and rabbits; however, this was reported only after its induction and not in the constitutive state (32, 34, 35) . Despite the documented physiological and pathophysiological role of P450-derived AA metabolites, the kinetic properties of the P450 epoxygenases and hydroxylases activities have not been investigated at the organ level.
Our results have demonstrated that AA is metabolized to EETs and HETEs in all organs tested, albeit with different levels of metabolic activity. In the heart, the P450 epoxygenase activity was 84 times the P450 ω-hydroxylase activity Fig. 4 . Regioselectivity of arachidonic acid epoxygenation and hydroxylation by the heart, lung, kidney, and liver microsomal fraction. The regioselectivity was determined using different AA concentrations ranging between 16 and 81 μM. Data were expressed as mean±SEM. The y-axis indicates the percentage of metabolite formation to total investigated P450-derived arachidonic acid metabolites formation based on Cl int . This is consistent with the relatively low cardiac expressions of CYP4A1/2/3 and CYP4Fs compared with those of CYP2C11 and CYP2J3. In agreement with our results, it has been previously reported that P450 epoxygenase activity was greater than P450 ω-hydroxylase activity in the heart microsomal fraction of mice (36) .
Similar to our observations, it has been previously reported that P450 epoxygenase activity was higher than P450 hydroxylase activity in the lung of mice (36) . CYP4A1/2/ 3 and CYP4Fs exhibited moderate expressions in the lung, representing ∼25% of their relative expression in liver. Consequently, the pulmonary 20-HETE formation rate was expected to be about 25% of that in the liver at saturating concentration of AA, given the linearity between metabolite formation rate and enzyme concentration. However, the observed hydroxylase activity was lower than expected based on protein expression. Not all CYP4A and CYP4F isoforms exhibit activity towards AA metabolism; CYP4A3, CYP4F5, and CYP4F6 have no or very low activity (29, 32, 37) . The unexpected results could be explained by lung microsomes possessing relatively greater concentrations of these inactive isoforms compared with the liver.
In the kidney, as reported elsewhere, HETEs and EETs are formed in considerable amounts (38) . Our results have demonstrated that the kidney has P450 hydroxylase activity comparable to that of the epoxygenase activity, based on Cl int . This is attributable to the high expressions of CYP2C23, CYP2J3, and CYP4A1/2/3 in the kidney. Similar to what was seen in the heart and kidney, enzyme activities in the liver correlated well with protein expression. Based on Cl int , P450 epoxygensae activity was 6.5 times the hydroxylase activity. In agreement with previously published results (8), P450 expoxygenases (CYP2B1/2, CYP2C11, CYP2C23, and CYP2J3) and P450 hydroxylases (CYP4A1/2/3 and CYP4Fs) were both highly expressed in the liver.
Another objective of the current study was to characterize specific P450 epoxygenases and hydroxylases that contribute primarily to the formation of EETs and HETEs by heart, lung, kidney, and liver microsomes. Our strategy was to exclude P450 enzymes that showed relatively low expression in each organ. Then, the P450 that plays the predominant role was identified, based on the published AA metabolism regioselectivity for different P450 enzymes. The identity of these P450 enzymes was further confirmed by immunoinhibition studies and kinetic profile of AA metabolism.
In the heart, almost no epoxygenases other than CYP2C11 and CYP2J3 were expressed. It has been previously demonstrated that recombinant CYP2J3 produces EETs as a mixture of regioisomers with relative ratios of 1.5:1:1 of 14,15-, 11,12-, and 8,9-EET, respectively (39); while for CYP2C11, the corresponding ratios were 1:1:0.5, respectively (40) . Compared with the regioselectivity of the microsomal incubates, we can conclude that CYP2C11 dominates the EETs formation in the heart. In agreement with our conclusion, it has been previously reported that CYP2C11 and especially CYP2J3 are highly expressed in the heart; however, CYP2C11 activity is many fold higher than CYP2J3 (41) . On the other hand, 20-HETE formation could be attributed to the constitutive expression of CYP4Fs and/or CYP4A1/2.
With respect to the lungs, CYP2B1/2, CYP2C11, and CYP2J3 proteins were each found to be significantly expressed. Lung produces a mixture of 14,15-, 11,12-, and 8,9-EET in a ratio of 0.8:1:0.5. Therefore, CYP2J3 and CYP2B2 could be excluded due to their different pattern of regioselectivity (39, 42) . As aforementioned, CYP2C11 has a characteristic feature of producing equal amounts of 14,15-and 11,12-EET. For CYP2B1, it produces a mixture of 14,15-, 11,12-, and 8,9-EET in a ratio of 0.8:1:0.7, as previously reported (42) . Regioselectivity suggests that CYP2B1 dominates EETs formation in the lung, although CYP2C11 may also play a role. This is consistent with earlier study showed high CYP2B1 expression in the lung (19) . Concerning HETEs formation, it can be catalyzed by CYP4A1/ 2 and/or CYP4F isoforms.
Kidney expresses several epoxygenases, CYP2C11, CYP2C23, and CYP2J3, in addition to CYP4A1/2/3 and CYP4Fs as hydroxylases. Kidney produced EETs mixture of 0.3:1:0.6 corresponding to 14,15-, 11,12-, and 8,9-EET, respectively. There is a close similarity between the regioselectivity of kidney microsomal fraction and CYP2C23, which produces 14,15-, 11,12-, and 8,9-EET in a ratio of 0.2:1:0.4 (40) . CYP2C24 which is believed to be an important epoxygenase in the kidney has a substantially different ratio of 1:1:0.4 (40) . This suggests that CYP2C23 is the most dominant epoxygenase in the kidney, which is consistent with previously published studies (41, 43) . Although it was suggested that CYP4A2 is the major ω-hydroxylases in the kidney (44) , it was reported elsewhere that CYP4A2 catalyzes the formation of 19-and 20-HETE in a ratio of 1:3.6 (37, 42, 45) . This ratio does not conform with our results. The kidney microsomal fraction produced 19-and 20-HETE in a ratio of 1:12.9 which is close to the reported ratio of CYP4A1 which is 1:12.6 (37). Hence, CYP4A1 but not CYP4A2 seems to be the major enzyme implicated in renal 19/20-HETE formation. This conclusion is consistent with earlier study demonstrating no inhibitory effect of specific CYP4A2 antisense oligonucleotides on renal 20-HETE production, whereas, specific CYP4A1 antisense oligonucleotides were able to inhibit 20-HETE production in vivo (46) .
In the liver, all epoxygenases, CYP2B1/2, CYP2C11, CYP2C23, and CYP2J3, and hydroxylases, CYP4A1/2/3 and CYP4Fs were highly expressed. Therefore, deriving a conclusion regarding the dominant CYP epoxygenases and CYP hydroxylases is difficult. However, regioselectivity of liver microsomal incubate was found to be 0.4:1:0.5 for 14,15-, 11,12-, and 8,9-EET, respectively. From the aforementioned regioselectivity of CYP2B1, CYP2C11, and CYP2C23, probably CYP2C23 together with CYP2C11 are the main epoxygenases in the liver. In this regard, it was previously reported that CYP2C11 is a major epoxygenase in the male rat liver (47) .
The statistical analysis that was performed on K m values was in agreement with the activity and protein expression of P450. Our results suggested that the dominant epoxygenases were CYP2C11, CYP2B1, CYP2C23, and CYP2C23/ CYP2C11 for the heart, lung, kidney, and liver, respectively. This conclusion was substantiated by the fact that there are statistical differences in epoxygenation kinetics between the four organs. Moreover, these differences were less apparent between kidney and liver, especially for 8,9-EET which did not significantly differ. This could be attributed to CYP2C23 which is shared between the kidney and the liver. On the other hand, 19-HETE formation kinetics significantly differed between lung, kidney, and liver, suggesting the involvement of different P450s. 20-HETE formation kinetics did not differ between heart and kidney or between lung and liver. These results suggest that CYP4A1 is the main ω-hydroxylase in the heart and kidney, whereas CYP4A2 and/or CYP4F isoforms are the main ω-hydroxylase enzymes in the lung and liver.
These results were also supported by immunoinhibition studies that CYP2C11 is the predominant epoxygenase in the heart; whereas CYP2B1/2 is the predominant in lung. In addition, CYP2C23 and CYP2C23/CYP2C11 are the dominant epoxygenases in the kidney and liver, respectively. On the other hand, CYP4A1/2/3 plays a significant role in AA hydroxylation in the kidney and heart.
In this study, the formation of each EET was determined as EET plus the corresponding DHET, because the degradation of EETs through hydrolysis by sEH to DHET is the major metabolic pathway (41) . Pooled microsomal fractions for each organ were used because investigating inter-animal variability was not the scope of the current study. Nevertheless, it is recognized that individual animals may differ in their expression levels and/or enzymatic activity of P450 enzymes. The study of 5,6-EET is associated with an additional problem of instability in physiological buffer and consequent spontaneous degradation to lactone, which may be associated with an underestimation of enzyme activity. Therefore, 5,6-EET data shown should be interpreted with some degree of caution.
CONCLUSIONS
In conclusion, the current study provides a unique explicit comparison of the total P450 epoxygenase and P450 hydroxylase activity in the heart, lung, kidney, and liver. We concluded that AA is metabolized to EETs and HETEs in all organs tested but with varying metabolic activities. P450 epoxygenase activity in the heart and lung is higher than the P450 hydroxylase activity of the same organ. P450 hydroxylase activity in the liver is significantly higher than its P450 epoxygenase activity, while similar activities were found in the kidney. In light of the data presented, CYP2C11 is the predominant epoxygenase in the heart, whereas CYP2B1 is the predominant in lung. In addition, CYP2C23 and CYP2C23/CYP2C11 are the dominant epoxygenases in the kidney and liver, respectively. CYP4A1 is the major hydroxylase in the kidney and heart. On the other hand, CYP4A2 and/or CYP4F1/4 are probably the dominant ω-hydroxylases in the liver and lung. The data derived from this work may assist in the identification of targets for the treatment, or prevention, of diseases that are associated with disturbances in AA metabolism.
